The xylR and xylS genes are divergent and control transcription of the TOL plasmid catabolic pathways for toluene metabolism. Four promoters are found in the 300-bp intergenic region: Pr1 and Pr2 are constitutive 70 -dependent tandem promoters that drive expression of xylR, while expression of the xylS gene is driven from Ps2, a constitutive 70 -dependent promoter, and by the regulatable 54 class Ps1 promoter. In Ps1 the XylR targets (upstream activator sequences [UASs]) overlap the Pr promoters, and two sites for integration host factor (IHF) binding are located at the region from positions ؊2 to ؊30 (؊2/؊30 region) and the ؊137/؊156 region, the latter overlapping the Pr promoters. When the XylR protein binds to the UASs in the absence of effector, it represses expression from Pr promoters. In the XylR-plus background and in the absence of an effector, the level of expression from Ps1 is low, although detectable, whereas Ps2 is active. In this background and in the presence of an effector, XylR increases autorepression. In a 54 -deficient Pseudomonas putida background, no expression occurred from Ps1 regardless of the presence of an effector. However, in the presence of an effector, the amount of RNA produced from Pr promoters was almost undetectable. This finding suggests that when no transcription occurred at the Ps1 promoter, clearance of XylR from the UASs was almost negligible. In this background, expression from Ps2 was very high regardless of the presence of an effector; this finding suggests that RNA polymerase containing 54 modulates expression from the downstream Ps2 70 -dependent promoter. In a P. putida IHF-minus background and in the presence of effector, Ps1 expression was the highest found; in contrast, the basal levels of this promoter were the lowest observed. This finding suggests that IHF acts in vivo as a repressor of the 54 -dependent Ps1 promoter. In an IHF-deficient host background, expression from Ps2 in the presence of effector was negligible. Thus, binding of RNA polymerase containing 54 at the upstream promoter may modulate expression from the Ps2 promoter.
at the upstream promoter may modulate expression from the Ps2 promoter.
The xyl genes of the Pseudomonas putida TOL plasmid encode the genetic information required for the degradation of toluene and related aromatic compounds. The upper and meta pathway operons, expressed from the Pu and Pm promoters, respectively, comprise the xyl structural genes, whereas the xylR and xylS genes, expressed from the Pr and Ps promoters, respectively, encode the regulatory proteins of the catabolic operons (see reference 29 for a review).
The XylR protein is the master regulator in the control of TOL plasmid catabolic operons for the metabolism of toluene (12, 16, 18, 27, 30) . Expression of XylR occurs from two tandem promoters, one distal (Pr1) and one proximal (Pr2). Expression from these promoters is high regardless of the growth phase and growth conditions (17, 23) . The xylS gene is expressed from a single promoter or from two tandem promoters, depending on the growth conditions (10) . In the absence of aromatic hydrocarbons, the xylS gene is mainly expressed at low constitutive levels from a 70 -dependent promoter called Ps2 (10) . In the presence of toluene, active XylR protein bound to target upstream activator sequences (UASs) stimulates transcription from the 54 -dependent Ps1 promoter from a distance, without varying the transcription level of Ps2 (10) . Interactions between the activator bound to cognate UASs located at around positions Ϫ136 to Ϫ184 and the 54 -containing RNA polymerase, bound to the region from positions Ϫ12 to Ϫ24 (the Ϫ12/Ϫ24 region), require looping out of the intervening DNA (1, 5, 21, 22, 33) . The xylR and xylS genes are transcribed divergently (see reference 29 for a review) such that the target UASs for XylR protein in the xylS gene Ps1 promoter overlap the xylR promoters: the target inverted repeats of XylR in Ps1, located between Ϫ136 and Ϫ154 (UAS1), overlap the RNA polymerase recognition site of Pr1 between Ϫ11 and Ϫ26. The XylR target in UAS2, located between Ϫ169 and Ϫ184, overlaps Pr1 between ϩ5 and ϩ20 and overlaps Pr2 between Ϫ24 and Ϫ19 ( Fig. 1) (11, 13, 14, 25) . In assays with fusions of Pr to ЈlacZ in Escherichia coli, expression from Pr promoters was about twoto threefold higher in the isogenic XylR-minus background than in the XylR-plus background, which suggested that XylR controls its own synthesis (14, 17, 19) .
In the DNA region comprising the tandem divergent Pr and Ps promoters, Holtel et al. (13, 14) found two integration host factor (IHF) binding sites at Ϫ2 to Ϫ30 and at Ϫ137 to Ϫ156 with respect to the Ps1 transcription point (Fig. 1 ) in in vitro protection DNase I footprinting assays. The IHF site at Ϫ137 to Ϫ156 corresponds to Ϫ8 to Ϫ27 of Pr1, i.e., the zone showing no significant overlap with the Pr2 region (Fig. 1) . In spite of this in vitro finding, the in vivo expression from the xylR and xylS promoters in IHF-minus and IHF-plus E. coli backgrounds, determined as ␤-galactosidase activity by using independent fusions of Ps and Pr to ЈlacZ, was found not to be significantly affected. It was, therefore, suggested that these IHF binding sites were irrelevant for transcriptional control of Pr and Ps promoters (13, 14) .
XylR autoregulation studies have been carried out in E. coli by using fusions of the Pr promoters to lacZ, an approach which does not make it possible to distinguish the repressive effect of XylR on each of the single Pr promoters. Moreover, in these studies expression from the tandem divergent Ps1 and Ps2 promoters was overlooked. We therefore investigated the autoregulation of Pr promoters and expression from Ps promoters in different P. putida genetic backgrounds, with the promoters in their natural location in the TOL plasmid.
MATERIALS AND METHODS
Strains and culture conditions. The strains and plasmids used in this study are listed in Table 1 . Bacteria were grown on M9 minimal medium with 10 mM succinate as a carbon source (20) , supplemented with 1/20 LB to avoid differences in growth between strains with different mutations. Duplicate cultures (20 ml) were prepared by diluting overnight cultures to an initial turbidity at 660 nm of 0.4 and incubating them at 30°C for 2 h with continuous shaking. Then benzyl alcohol was added to one of the cultures to a final concentration of 5 mM. Cells were incubated for 2 h, and samples were taken for mRNA analyses (see below). When required, the following antibiotics were added to the concentrations (in micrograms per milliliter) indicated: ampicillin, 100; chloramphenicol, 30; kanamycin, 50; piperacillin, 90; and streptomycin, 50.
DNA techniques. DNA preparation, digestion with restriction enzymes, analysis by agarose gel electrophoresis, isolation of DNA fragments, ligations, labeling, and sequencing reactions were done according to standard procedures (3, 32) .
Transfer of the TOL plasmid between different P. putida strains. Rifampinresistant P. putida KT2440 mutant strains carrying the wild-type or mutant TOL plasmids were obtained by direct transfer mobilization of the TOL plasmid from the rifampin-sensitive P. putida KT2440 to the recipient strain and counterselection of transconjugants in selective medium.
Reverse genetic construction of TOL plasmid derivatives. Plasmid pWW⍀ XylR was constructed as follows. The 2-kb HpaI fragment from TOL plasmid pWW0 bearing the whole xylR gene was cloned at the SmaI site of pUN19. The xylR gene was knocked out by inserting the omega interposon, which carried the streptomycin-spectinomycin resistance gene (8) at the single PstI site within the xylR coding region. This plasmid, called pUNxylR::⍀, was transformed in E. coli HB101. A triparental mating involving P. putida KT2440(pWW0) as the recipient strain, HB101(pUNxylR::⍀) as the donor strain, and HB101(pRK600) as a helper strain was done. P. putida transconjugants in which the xylR::⍀ mutant had recombined with the wild-type gene were selected as streptomycin resistant in minimal medium with benzoic acid as the sole C source. The candidate mutant TOL plasmids were transferred through direct mating to wild-type P. putida KT2442 and checked by Southern hybridization for the absence of wild-type copies of the gene. One of the mutant plasmids, called pWW⍀XylR, was kept for further studies. Reverse genetic construction of an IHF-deficient P. putida strain. Strain P. putida KT2440::IHF3 was obtained through recombination of wild-type P. putida KT2440 with plasmid pJRS1 (6), which carries the ihfA gene of P. putida with an internal sequence replaced by a kanamycin resistance cassette. Correct recombination of the IHF::Km DNA in the chromosome of the host strain was checked by PCR and Southern hybridization (not shown).
RNA preparation, analysis, and primer extension. RNA was extracted with a modification of the guanidinium isothiocyanate-phenol method (24) . The RNA concentration was determined by measuring A 260 . Hybridization of the 35 P-5Ј-end-labeled single-stranded DNA primer (10 5 cpm) complementary to the mRNA transcript produced from Pr and Ps promoters and primer extension with avian myeloblastosis virus reverse transcriptase were done as described previously (24) . In all assays 20 g of total RNA was used as the template. The oligonucleotides used in the reverse primer extension reactions were 5Ј-ACGG ATCTGGCTGCTAAGGTCTTGC-3Ј for the Pr promoters and 5Ј-GAGACTG CATAGGGCTCGGCGTGG-3Ј for the Ps promoters. cDNA products were analyzed in a urea-polyacrylamide sequencing gel, and the intensities of the bands in the autoradiography were densitometrically determined. All assays were done at least three times, without significant differences in the detected levels of the different extended products. Characteristic assays are described in Results.
RESULTS
Autoregulation of XylR increases in the presence of pathway substrates. To evaluate expression from Pr1, Pr2, Ps1, and Ps2 in P. putida, we determined transcription from these promoters in the wild-type P. putida strain KT2440 bearing the archetypal TOL plasmid pWW0 and its xylR mutant pWW⍀XylR. Cells were grown on succinate minimal medium with and without benzyl alcohol. In the absence of the aromatic hydrocarbon in P. putida(pWW0), we observed strong expression from Pr1 and Pr2 ( Fig. 2A) , measurable levels of expression from Ps2 (Fig.  2C) , and low but detectable levels from Ps1 (Fig. 2B) , in accordance with previous findings (10, 17, 18, 23) . In the presence of benzyl alcohol transcription from Pr promoters decreased to one-half to one-fourth the levels found in the absence of the aromatic hydrocarbon ( Fig. 2A) . In contrast, high expression from Ps1 was found and expression from Ps2 was unaltered (Fig. 2B and C) . These results suggest that autoregulation of Pr promoters is sensitive to the addition of a pathway substrate.
When P. putida bore the truncated xylR gene in pWW⍀ XylR, the level of expression from Pr1 and Pr2 was about 10-fold higher than in the isogenic xylR-plus background. The presence of the aromatic alcohol did not influence these high levels of expression ( Fig. 2A) . In the xylR-minus background, no expression from Ps1 was found (Fig. 2B) . The level of expression from Ps2 was similar to that found in the isogenic xylR-plus background (Fig. 2C) .
Autoregulation of XylR and expression from Ps promoters in a P. putida 54 -deficient background. In 54 -dependent promoters, transcription stimulation requires a loop to allow the regulator bound at a distance to its UAS targets to interact with RNA polymerase containing 54 bound at Ϫ12 to Ϫ24 (5, 21, 33). Transcription from the Ps1 promoter is 54 and XylR dependent (12) . In a heterologous E. coli background, it was suggested that autoregulation of XylR might be mediated by 54 (11) ; however, no conclusive evidence was provided for this possibility. This prompted us to analyze the expression from Ps1, Ps2, Pr1, and Pr2 in a 54 -deficient P. putida background both in the absence and in the presence of benzyl alcohol and with and without XylR. The results were compared with those obtained in the isogenic 54 -proficient P. putida strain described above.
In the 54 -deficient P. putida strain bearing the wild-type pWW0 plasmid, transcription from Pr1 and Pr2 was slightly (twofold) higher than in the 54 -proficient wild-type host background (Fig. 3A) . Autoregulation in response to XylR effectors was strongly increased (Fig. 3A) . In the 54 -deficient background, there was no transcription from Ps1 (Fig. 3B) ; however, expression from the Ps2 promoter was 10-fold higher than in the isogenic 54 -proficient background (Fig. 3C ).
FIG. 2. Autoregulation of xylR gene expression and xylS
gene expression in wild-type P. putida bearing wild-type or xylR-knocked out TOL plasmid. P. putida KT2440(pWW0) and P. putida KT2440(pWW⍀XylR) were grown on minimal medium as described in Materials and Methods. Overnight cultures were diluted in duplicate to reach a turbidity of 0.4 at 660 nm and were incubated at 30°C with shaking. Two hours later 5 mM benzyl alcohol was added to one of the cultures, and growth was continued for 2 h at 30°C. After this time samples were withdrawn from both cultures for mRNA analysis as described in Materials and Methods. Two sets of reactions were carried out in parallel with primers to detect mRNAs from Pr promoters and Ps promoters. The resulting cDNAs were run in independent sequencing gels. 
FIG. 3. Autoregulation of xylR gene expression and expression from the Ps promoters in
54 -deficient and -proficient P. putida hosts. Overnight cultures of strains P. putida KT2440(pWW0), P. putida KT2440::rpoN(pWW0), and P. putida KT2440::rpoN(pWW⍀XylR) were cultured and treated as described in the legend to Fig. 2 . Two sets of reactions were carried out in parallel with primers to detect mRNAs from Pr promoters and Ps promoters. The resulting cDNAs were run in independent sequencing gels. In the P. putida 54 -minus background, expression from Pr1, Pr2, and Ps1 in pWW⍀XylR followed the pattern described above for the 54 -proficient background ( Fig. 2A) : expression from Pr1 and Pr2 was much higher than in the XylR-plus background, and there was no transcription from Ps1. In a P. putida 54 -minus background with pWW⍀XylR, the pattern of expression was similar to that of pWW0 in this host background: extremely high levels of expression from Ps2 (Fig. 3C ), in contrast with the results in the P. putida 54 -plus background. Therefore, XylR is clearly the main control element governing expression from Ps1, Pr1, and Pr2, while expression from the Ps2 promoter may be influenced by occupancy and expression of the upstream Ps1.
Autoregulation of xylR promoters and activation of transcription from the Ps promoters in a P. putida IHF-minus background. The fact that one of the two IHF sites in the Pr-Ps intergenic region overlaps the XylR targets and that the other IHF site overlaps the Ϫ12/Ϫ24 region of the Ps1 promoter prompted us to generate an IHF mutant of P. putida as described in Materials and Methods. We then studied autoregulation of xylR and expression from the xylS promoters in the XylR plus and minus backgrounds in the presence and in the absence of benzyl alcohol. The results were compared with those reported above for the wild-type P. putida host strain. In the IHF-minus XylR-plus background in the absence of effector, the level of expression from Pr1 and Pr2 was slightly higher than that in the IHF-plus background, while in the presence of an effector, expression from both promoters decreased strongly (Fig. 4A) . In an IHF-minus XylR-minus background, the expression from Pr1 and Pr2 was again extremely high (Fig.  4A) , as in the isogenic IHF-plus background (Fig. 4A) . This finding suggests that IHF does not alter the pattern of derepresion of Pr1 and Pr2 in the absence of XylR.
We also examined expression from Ps1 and Ps2 in the IHFminus xylR-plus background. The basal level of Ps1 decreased with respect to that in the wild-type strain, whereas in the presence of an effector, expression from the Ps1 promoter was up to 20-fold greater (Fig. 4B) . No expression from Ps1 was observed in the IHF-minus background in the absence of XylR. These results suggest that IHF is involved in the modulation of Ps1 expression.
The level of expression of Ps2 in the IHF-minus xylR-plus background in the absence of an effector was low, as in the wild-type P. putida host background (Fig. 4C) . In this host background in the presence of an effector, expression from Ps2 was almost negligible (Fig. 4C) . These results indicate that the host IHF background influences expression from Ps2.
DISCUSSION
The XylR and XylS proteins are involved in transcriptional control of the P. putida TOL plasmid catabolic pathways for toluene and xylene metabolism (10, 18, 30) . The level of these proteins is finely modulated in vivo to achieve a critical feature: silencing of catabolic operons in the absence of effectors, and a rapid and coordinated response of the catabolic operons to the presence of aromatic hydrocarbons.
This fine regulation occurs in the 300-bp intergenic region between the xylR and xylS genes, through the interplay of RNA polymerase with either 70 or 54 , and with XylR and IHF, which govern the expression of Pr1/Pr2 and Ps1/Ps2 promoters.
All four promoters have good consensus sequences for binding of the RNA polymerase with 70 (Pr1, Pr2, and Ps2) or with 54 (Ps1), and therefore high levels of expression from all of them should be expected. However, we have shown in this study that the levels of expression normally observed in the wild-type strain for each promoter under the most favorable conditions in the laboratory are clearly below maximum levels. This finding indicates that expression from these promoters in vivo is optimized rather than maximized and that a repressive element (or elements) is involved in the maintenance of appropriate levels of expression. The levels of Pr1 and Pr2 obtained in the presence of XylR (wild-type condition) are 1/10 of the levels in the isogenic XylR-deficient background (Fig.  2) . Induced levels of Ps1 promoter in the IHF-minus strain are about 10 times higher than in the wild-type strain (Fig. 4) . Transcriptional activity from Ps2 is low in the wild-type strain, whereas it is strongly increased by the absence of 54 , both in the presence and in the absence of benzyl alcohol (Fig. 3) .
Activation of the Ps1 promoter and autoregulation of XylR seem to be the two consequences of a single event, i.e., the binding of XylR to the UASs for Ps1 promoter that overlap the Pr1 and Pr2 promoters (Fig. 1 ), in agreement with the finding that XylR is consistently bound to target sequences (1, 22) . Our results show that autoregulation is stronger in the presence of effector (Fig. 2) . We propose two explanations for the finding: (i) binding of an effector to XylR may increase the affinity of the regulator for its binding sequence, thus reducing access of RNA polymerase containing 70 to the Pr promoters; and (ii) effector binding to XylR may favor ATP binding and XylR oligomerization (27) such that the formation of a supramolecular complex limits the access of RNA polymerase containing 70 to Pr promoters. To explain how Pr1, Pr2, and Ps1 all become active in the presence of an XylR effector, we suggest that in each round of transcription from the Ps1 promoter, the XylR regulator is transiently released from the UASs such that a certain equilibrium is established between occupied and nonoccupied UASs. In this situation, some transcription from both Pr1 and Pr2 promoters is allowed. Further support for this model is the finding that when transcription from Ps1 cannot occur because of the absence of 54 , in the presence of an effector the XylR protein bound to the target UASs is probably not released (or is released at a lower rate) so that access of RNA polymerase containing 70 to either Pr1 or Pr2 is impeded. Pérez-Martín and de Lorenzo (27) suggested a cycle for XylR-dependent transcription stimulation from XylR-regulated promoters; in this cycle ATP binding was the driving force for XylR multimerization at the UASs, and ATP hydrolysis was sine qua non for initiation of transcription by RNA polymerase containing 54 , as is also the case with other regulators (34) . Upon ATP hydrolysis, ADP is released and the multimer is dismantled, so that after regeneration of ATP a new cycle can start. The strong repression at Pr promoters in the 54 -deficient background could reflect blockage of the cycle because the XylR multimer is maintained at the UAS in the absence of appropriate transcriptional machinery. Consistent with this possibility is that in the presence of effector, very low levels of transcription from both Pr1 and Pr2 promoters were found in the 54 -deficient background (Fig. 3) . The expression from Ps1 in pWW0 in the isogenic IHF-plus and IHF-minus strains deserves attention. Figure 4 shows that the basal levels of Ps1 were higher in the IHF-plus background than in the IHF-minus background. Surprisingly, the highest levels of expression from Ps1 were found in the IHF-deficient mutant in the presence of effector-activated XylR protein. In the absence of IHF, these findings could reflect either or both of the following possibilities: better access of XylR to its binding site or facilitated access of RNA polymerase containing 54 to the Ϫ12/Ϫ24 region of Ps1. In either case, transcription from Ps1 could occur (and in fact occurs) at a higher level. Regardless of the molecular mechanism behind this phenomenon, which requires further in vitro study, it is clear that IHF functions as a negative regulator of the expression of Ps1. This may be a consequence of both physical and structural hindrance, as the DNA bends induced by the IHF protein bound to two proximal sites can give rise to a highly ordered structure that may be involved in restriction of access to the corresponding promoters. The high level of expression from Ps1 in the IHF-minus background in the presence of effectors contrasts with the diminished expression from the TOL plasmid Pu promoter for the upper pathway in an IHF-deficient background (1, 6, 28) . We should consider the homologies and differences between the two promoters: both Pu and Ps1 exhibit Ϫ12/Ϫ24 sequences for the binding of RNA polymerase containing 54 and UASs for the binding of XylR. In contrast, the IHF binding site in Pu lies between the UASs and the Ϫ12/Ϫ24 box, whereas in the Ps1 promoter, two IHF binding sites are found, one located in the region that overlaps the binding sites for RNA polymerase containing 54 (Ϫ2 to Ϫ30 in Ps1) and the other one overlapping the XylR UASs at Ϫ137 to Ϫ156 in Ps1. This second binding site also overlaps the Pr promoters ( Fig. 1) (13, 14) . The differences in organization between Pu and Ps1 may also be responsible for the finding that the Pu promoter is about fourfold stronger than Ps1 (23) .
Another unexpected finding is the high level of expression from Ps2 in the absence of 54 , regardless of the presence of XylR and/or effector. These high levels of expression are found only in those situations where RNA polymerase is unable to bind to the Ps1 promoter. In agreement with this hypothesis is our finding that in an IHF-minus mutant, in which access of RNA polymerase containing 54 to its binding site at Ps1 is facilitated, expression of Ps2 promoter was always greatly decreased. Further in vitro assays are needed to determine the specific binding constant of each of these proteins for the corresponding targets to establish whether a hierarchy of binding exists in the intergenic Pr and Ps promoters.
